Using fluorescence microscopy we study the adsorption of single latex microparticles at a water/water interface between demixing aqueous solutions of polymers, generally known as a water-in-water emulsion. Similar microparticles at the interface between molecular liquids have exhibited an extremely slow relaxation preventing the observation of expected equilibrium states. This phenomenon has been attributed to "long-lived" metastable states caused by significant energy barriers ∆F ∼ γA d kBT induced by high interfacial tension (γ ∼ 10 −2 N/m) and nanoscale surface defects with characteristic areas A d 10-30 nm 2 . For the studied water/water interface with ultra-low surface tension (γ ∼ 10 −4 N/m) we are able to characterize the entire adsorption process and observe equilibrium states prescribed by a single equilibrium contact angle independent of the particle size. Notably, we observe crossovers from fast initial dynamics to slower kinetic regimes analytically predicted for large surface defects (A d 500 nm 2 ). Moreover, particle trajectories reveal a position-independent damping coefficient that is unexpected given the large viscosity contrast between phases. These observations are attributed to the remarkably diffuse nature of the water/water interface and the adsorption and entanglement of polymer chains in the semidilute solutions. This work offers some first insights on the adsorption dynamics/kinetics of microparticles at water/water interfaces in bio-colloidal systems.
I. INTRODUCTION
Particles at liquid-fluid interfaces can stabilize colloidal materials (e.g., emulsions, foams) relevant to applications in materials, biomedical, and food science [1] [2] [3] [4] [5] [6] [7] . In this work, we study the adsorption of microparticles at so-called water/water (W/W) interfaces that form between demixing aqueous solutions of polymers, known as water-in-water emulsions [8] [9] [10] . Due to the ultra-low surface tension γ = O(1-100 µN/m) of W/W interfaces, surfactants and macromolecules have small binding energies and cannot stabilize effectively water-in-water emulsions. Colloidal particles, however, can have significant binding energies at W/W interfaces and have emerged as an alternative to stabilize waterin-water emulsions [11] [12] [13] [14] [15] . Hence, understanding the adsorption/desorption dynamics of colloidal particles at W/W interfaces is crucial to active technologies in biology and food science for the production of stable water-in-water emulsions. From a fundamental viewpoint, W/W interfaces are advantageous for studying phenomena involving capillary forces and thermal interfacial motion, as they occur over larger time and length scales than for molecular liquid interfaces.
Using confocal microscopy we are able to record the entire adsorption process for latex microspheres (R = 0.5 to 6 µm) at a W/W interface between demixing polymer solutions. We observe an initial exponential decay to equilibrium with a position-independent damping coefficient that cannot be explained by available models for dissipative effects induced by the interface. Furthermore, we observe the crossover to a late thermally activated relaxation that has been theoretically predicted [16] and partially observed by Kaz et al. for microparticles at water-oil interfaces with high surface tension γ = O(10 mN/m) [17] . Considering the ultra-low surface tension of the W/W interface, the observed regime crossover and slow relaxation rates indicate the presence of energy barriers that are unexpectedly large. Experimental and theoretical analyses indicate that these findings can be attributed to polymer adsorption at the particle surface and the remarkably diffuse nature of W/W interfaces.
II. MATERIALS & METHODS
For the experiments in this work, the demixing polymer solutions were composed of dextran (average molar mass 150 kDa from Leuconostoc bacteria, purchased from Sigma Aldrich) and cold water fish gelatin (non gelling at room temperature, from Norland Products, provided by Fibfoods, Harderwijk, The Netherlands) at native pH 5.8 and salinity corresponding to 25 mM of NaCl. Gelatin and dextran mixed in water at proper concentration spontaneously demix forming dextran and a gelatin phases with well characterized phase equilibria [18] [19] [20] . The system studied has 10/10 %w/w dextran/gelatin and has equilibrium concentrations 17/0.1 and 1.2/22 for the dextran and gelatin phase, respectively, and a tie line length T T L = 27 %w/w. The interfacial tension of the system is determined by the empirical relation γ = 10 −2.7 T T L 3.3 [19] where T T L is expressed in %w/w and γ in µN/m. The studied water-in-water emulsion has been extensively characterized in prior works [18] [19] [20] [21] , relevant physical properties are reported in viscosity of each phase (see Table 1 ) determined by rheometric measurements in cone and parallel plate configurations showed no variation for shear rates of 1 to 100 s −1 . To study the adsorption of single particles we produce a W/W interface with controlled curvature by bringing into contact two drops dextran and gelatin confined in a sealed chamber (cf. Fig. 1 ) suitable for confocal microscopy. The phases are obtained through centrifugation of demixed samples, after which sulfate latex particles (IDC) of the same size (R = 0.5 to 6 µm) is dispersed in the dextran phase. The curvature radius of the W/W interface is comparable to the height of the observation chamber (150 µm) and it is one to two orders of magnitude larger than the particle radius. In order to optically detect the W/W interface via fluorescence microscopy, rhodamine B (∼0.01%) is added to the fish gelatin phase; rhodamine B (red) stains only the gelatin phase (see Fig. 1a ). As shown in Fig. 1 , the particles are labeled with FITC (green) and thus can be easily distinguished from the gelatin phase (red) and the dextran phase (dark). A confocal laser-scanning microscope is adjusted to the central plane of the chamber to observe the particles that diffuse to the interface and are subsequently adsorbed (see Fig. 1a ).
The position of single particles is tracked via digital processing of image sequences (cf. Fig. 1a-b ) using the opensource software ImageJ [24] . The interface position is also tracked in order to subtract any sample drift from the particle trajectory. The distance z(t) measured normal to the W/W interface (cf. Fig. 1a) is thus recorded for several seconds (cf. Fig. 1b ) using digital video at 36 frames per second, which gives a time resolution of 27.8 ms. The spontaneous adsorption of particles begins shortly after a particle in the dextran phase comes in contact with the W/W interface at z(0) = −R and equilibrium is reached within a few seconds for all studied particles (cf. Figure 1b) . The equilibrium position z E = R cos θ E observed for the studied particles corresponds to a size-independent contact angle θ E = 18
• measured through the gelatin phase (cf. Figure 1b) .
III. THEORETICAL MODEL
Following prior work by Colosqui and coworkers [16, 25, 26] , we assume the studied particles undergo overdamped uncorrelated Brownian motion and thus a Langevin equation
describes the (center-ofmass) distance to the W/W interface located at z = 0 (cf. Fig. 1 ). Here, f d is the effective damping coefficient, F is the system free energy, k B T is the thermal energy, and η is a zeromean unit-variance Gaussian noise. For a spherical particle of radius R and neglecting the curvature of the W/W interface, the free energy for |z| ≤ R is approximately given by [16, 25] 
where z E = R cos θ E is the equilibrium position determined by the equilibrium contact angle θ E (measured in the gelatin phase), γ is the W/W interface surface tension, and C is an additive constant. As suggested in prior work [16] , Eq. 1 includes spatial energy fluctuations with period = A d /2πR and amplitude ∆F ∼ γA d that are induced by nanoscale surface defects with a characteristic area A d ∼ O(1-10 nm 2 ) projected on the particle surface. Under the studied conditions we neglect terms due to line tension in Eq. 1 [25] .
For the case of constant damping f d = const., the initial average trajectory predicted by the proposed Langevin equation [16] is an exponential decay to equilibrium
where
is the characteristic decay time. Sufficiently close to equilibrium there is a crossover to a "slow" kinetic regime where the average particle trajectory is nearly logarithmic in time [16] , according to
where L K = k B T /πγ is a characteristic kinetic length, A = tanh((z 0 − z E )/2L K ) is determined by the initial particle position z 0 = −R, and T K is the characteristic kinetic time.
The characteristic kinetic time in Eq. 3 can be estimated using Kramers' rate theory [16] , which gives
The regime crossover from capillary-driven dynamics described by Eq. 2 to a kinetic regime described by Eq. 3 is a rather gradual process over a finite interval of particle positions. From the condition for having local minima where ∂F/∂z = 0 and thus metastable states, the crossover must take place over the range [16, 25, 26 ]
with α 1. Typical values α = 0.25-0.5 in Eq. 5 have accurately predicted the regime crossover observed in Langevin dynamics simulations and experimental studies of microparticles at a water-oil interface. [16, 25] IV. RESULTS Fig. 2 reports average trajectories z(t) obtained from four to five individual trajectories of particles with the same radius. The average particle trajectories exhibit an early exponential decay to equilibrium described by Eq. 2 and a late nearly logarithmic relaxation described by Eq. 3. The crossover point between these two different regimes can be predicted by Eq. 5 using α 0.25 (cf. Fig 3) . The decay times T D (R) 55.4, 201.4, 604.2 ms for R = 0.5, 2, & 6 µm, respectively, were used in Eq. 2 to fit the experimental data (See Table 2 ) in the initial regime. The observed nearly exponential regime with the reported decay times corresponds to a position-independent damping coefficient f d = 2πγT D = 6πµ e R, which obeys the Stokes drag formula for a spherical particle and effective viscosity µ e = 3.35 ± 0.05 Pa about six times larger than the measured shear viscosity of the gelatin phase. A position-independent damping coefficient that scales linearly with the particle radius is consistent with scaling laws for semidilute polymer solutions originally proposed by De Gennes and co-workers [22, 27, 28] and suggests that topological hindrance due to entanglement and polymer matrix relaxation dominate over viscous hydrodynamic effects, as elaborated in the final discussion. Available models for damping Table 2 . The regime crossover (dot-dash horizontal lines) predicted by Eq. 5 for α = 0.25, 0.5, 1.
induced by contact lines [29] [30] [31] [32] are not able to account for the observed nearly exponential trajectories and linear scaling
The decay times T D for the initial exponential trajectories in Eq. 2 are employed in Eq. 4 to estimate the kinetic times T K = 0.35 to 16.5 s (see Table 2 ), which characterize the much slower relaxation in the thermally activated regime. Analytical predictions from Eq. 3 for the late thermally activated regime (cf. Figure 3) employ the parameters reported in Table 2 . Notably, a single projected defect area A d = 515 nm 2 , which corresponds to a rather large defect size s d √ A d = 22.7 nm, can be employed for all the studied particles radii. Such defect area accounts for the period = A d /2πR = 0.014 to 0.16 nm of metastable states modeled in Eq. 1, and thus the kinetic lengths L K = k B T /πγ =0.08-917 nm prescribing the displacement rates in Eq. 3. Energy barrier magnitudes ∆F = γβ 2 A d = 4.32-8.9 k B T , which correspond to shape factors β = 0.57-0.82 (see Table 2 ), quantitatively predict the relaxation times T K (Eq. 4) in the "slow" kinetic regime. Furthermore, the defect area A d and energy barriers ∆F used in Eqs. 3-4 predict the observed dynamic-to-kinetic regime crossover (See Fig. 2 ) through Eq. 5 with α 0.25, as predicted by Langevin simulations [16, 25] . These observations support the hypothesized emergence of metastable modeled in Eq. 1 states at a critical distance from the expected equilibrium position. The adsorption of latex microparticles at the studied W/W interface exhibits fast exponential and slow nearly logarithmic regimes that can be quantitatively described by analytical solutions of the proposed Langevin equation for the particle position [16] . Analytical predictions for the average trajectory z(t) (Eqs. [2] [3] [4] [5] give close agreement with experimental observations for the studied microparticles (R = 0.5-6 µm) when using a projected defect area A d = 515 nm 2 and energy barriers ∆F = 4.3-8.9 k B T . The energy barriers ∆F = γλ 2 correspond to effective defect dimensions λ = β √ A d = 13-18 nm that are comparable to the projected size
The effective defect size λ = βs d , through the "shape" factor β, accounts for morphological and physicochemical properties determining the energy barriers magnitude.
V. CONCLUSIONS & DISCUSSION
The characteristic defect dimensions (10-20 nm) that account for our experimental observations are much larger than those previously reported (2-4 nm) [17, 25] for similar sulfate latex microparticles of radii R = 0.5-0.9 µm at the interface between two molecular liquids. To rationalize our findings we first notice that the studied W/W interface with ultra-low surface tension has a rather large effective thickness 2κ = k B T /3γξ
10 nm [33] [34] [35] and, therefore, surface features smaller than 10 nm cannot induce significant interfacial deformation and pinning. Furthermore, W/W interfaces have a preferential curvature radius R p = 2δ + 4δ 2 − (3/γ)(2k + k G ) that minimizes the excess free energy and is prescribed by the Tolman length δ, and the bending and Gaussian curvature rigidities k and k G , respectively [34, 35] . For the studied water-in-water emulsion, with both components having similar polymerization degree N 1000, we have δ 0 and 2k +k G k B T , which gives R p 10 nm [34] as the preferential radius of gelatin "globules" that would nucleate in the dextran phase.
Total organic carbon content and zeta potentials measurements (see Supplemental Material) indicate that gelatin dispersed in the dextran phase is adsorbed to the particle surface at the studied polymer and salt concentrations. As illustrated in Fig. 3 , we speculate that gelatin adsorption at the particle surface is mediated by the spreading and adhesion of multiple "globules" of volume V g = (4/3)πR 8-10 nm, and tails extending to heights h comparable to the estimated defect sizes
Neutron scattering studies of various gelatins adsorbed on polystyrene latex particles report a nearly exponential decay of the local volume fraction φ(z) and a r.m.s. layer thickness between 8 and 10 nm for aqueous solutions at 1 %w/w and 10 mM salt concentration [36, 37] . Under studied conditions with 25 mM salt concentration and pH=5.8, the Debye length is about 1.9 nm and fish gelatin chains have a weak net positive charge with roughly 10% of monomers being charged. A mean thicknessh 8-10 nm roughly corresponds to the length of loops that form between charged monomers when the polyampholyte (gelatin) chain (see Fig. 3 ) is adsorbed through combination of dipolecharge and hydrophobic interactions [38] [39] [40] [41] . According to mean field theory [33] [34] [35] the local volume fraction is φ(z) φ wall (1 + tanh(z/κ))/2, assuming full coverage at the wall φ wall = 1 the gelatin volume fraction decays to 1% at a height h √ A d = 22.7 nm from the wall. Another relevant finding is that the damping coefficient f d = 6πµ e R scales linearly with the particle radius and shows no dependence on the particle position, even though the particles move from a less viscous dextran phase to a more viscous gelatin phase. A position-independent damping coefficient is actually consistent with scaling laws for the diffusion coef- [22, 27, 28, 42] , where D o is the diffusion coefficient for pure solvent (zero-concentration), L is the characteristic size of the diffusing "probe", and ξ is the blob length or mesh size of the polymer matrix. Hence, similar damping coefficients
are expected in the dextran and gelatin phase since both phases have the same zeroconcentration diffusion coefficient D o and similar blob size ξ. Considering L ∼ h 10 nm is determined by the length of polymer loops and tails extending far to the particle surface (cf. Fig. 3a) , then ξ/L 1 and topological hindrance due to entanglement with the surrounding matrix is expected to dominate over hydrodynamic damping [28] . It is worth noticing that the scaling of diffusion and damping coefficients with the ratio ξ/L is observed when the polymer matrix is "quasistatic" and relaxation mechanisms such as constraint release and contour length fluctuations have characteristic time scales τ much smaller than the time scale of motion of the "probe" [28] . The early exponential decay to equilibrium and weak variation of damping coefficients with position for all studied particle radii indicates that τ T D , where T D = 55 ms is the shortest decay time observed for R = 0.5 µm. This is consistent with the Newtonian behavior (µ = const) observed in our rheological measurements for shear rates up to 100 s −1 . We therefore attribute the weak dependence on position of the damping coefficients to the similar topological properties of the studied semidilute solutions.
Experimental results and analysis in this work constitute an initial step toward understanding the complex dynamics of particle adsorption at W/W interfaces in water-in-water emulsions. Quantitative agreement produced by the proposed analytical models seems to identify specific mechanisms controlling the observed dynamics and kinetics of adsorption. Further work studying colloidal particles with different sizes and surface functionalities at different water-in-water emulsions is needed to further verify the physical assumptions and validity range of the proposed analytical models.
